ZnO and Er-doped ZnO with different molar ratios of Er/Zn were prepared using the homogeneous precipitation method. The photocatalysts prepared were characterized using scanning electron microscopy, transmission electron microscopy, X-ray diffraction (XRD), UV-vis spectroscopy, and photoluminescence spectroscopy. The results showed that the Er-doped ZnO displayed characteristic wurtzite-type peaks in the XRD spectra. The Er-doped ZnO absorbed much more light than ZnO in the ultraviolet region. And the doping of Er into ZnO enhanced the intensity of the fluorescence emission. The degradation of methylene blue (MB) solution demonstrated that the photocatalytic activity of ZnO was significantly improved with Er doping.
Introduction
ZnO is a semiconductor with a wide band gap (3.3 eV) and a large exciton binding energy and is abundant in nature and environmentally friendly; these characteristics make this material attractive for many applications, including solar cells, optical coatings, photocatalysts, and electrical devices [1] . Researches have shown that ZnO exhibits better photocatalytic efficiency than TiO 2 for the removal of organic compounds in water matrices [2] . ZnO-based photocatalysts have received much attention because of their excellent properties, which include their high chemical stability, their nontoxicity, and their abundance in nature.
Recently, environmental problems such as air and water pollution have provided the impetus for sustained fundamental and applied research in the area of environmental remediation. ZnO has proven attractive as a photocatalyst material, because it shows high catalytic efficiency and is of low-cost and environmentally sustainable [3, 4] . ZnO has emerged as a more efficient catalyst for the detoxification of water, because it generates H 2 O 2 more efficiently [5] , and it has high reaction and mineralization rates. It also has a higher number of active sites with high surface reactivity. ZnO has been demonstrated as an improved photocatalyst compared with commercialized TiO 2 , based on its larger initial activity rates, and its efficient absorption of solar radiation. However, ZnO has almost the same band gap (3.2 eV) as TiO 2 . The modification of ZnO via doping with metal ions has been developed as an effective method to promote photocatalytic activity [6] [7] [8] [9] . There have been many studies reporting the optical properties of Er-doped ZnO, and some of them specifically, the photocatalysis of Er-doped ZnO [9] [10] [11] [12] [13] [14] [15] . This paper reports a simple route for the preparation of undoped and Er-doped zinc oxide nanoparticles via the chemical precipitation method. The prepared nanoparticles were characterized and then used as a photocatalyst in the photodegradation of methylene blue. Methylene blue is a blue, organic cationic thiazine dye that has been commonly employed as a model dye to evaluate the photocatalytic activity among other photosensitizing dyes like eosin Y, pyrene, and so forth. [10] is one of the most successful and easy to conduct techniques for synthesizing Er-dopped ZnO powders among solid-state reaction method [9, 15] , the spray deposition technique method [11] , sol-gel method [13] , and so forth. Briefly, with urea as a precipitating agent, erbium nitrate (AR, 99.99%) and zinc acetate were added to a water bath at 80 ∘ C and heated for 4 h. This mixture was then left to cool and settle for half an hour; this was followed by centrifugal separation and successive washing with deionized water and anhydrous alcohol, which was repeated five times. Drying was performed at 80 ∘ C for 2 h, in a vacuum drying oven, producing the nanometer-sized ZnO precursor. Finally, this precursor was calcined in a muffle at 600 ∘ C for 4 h, which produced the nanometer-sized ZnO powder.
Experimental
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Characterization.
The phase identity and crystalline size of the ZnO nanoparticles were determined using an Xray diffractometer (XRD). A scanning electron microscope (SEM) was used to make morphological observations on the ZnO and Er-doped ZnO nanoparticles. The optical properties of the samples were investigated by measuring the UVvis absorbance spectra and photoluminescence spectrum at room temperature. The photocatalytic activity of the ZnO powders was evaluated by measuring the degradation of methylene blue (MB) in water, in the UV region.
Photocatalytic Activity.
The photocatalytic activity of the ZnO and Er-doped ZnO was determined by measuring the degradation of MB solution under UV illumination (32 W). The reaction was carried out with 0.05 g of photocatalyst suspended in a 100 mL MB solution. The initial concentration of the MB solution was 10 mg/L. Before the UV lamps were turned on to start the illumination, the solution was stirred for 0.5 h in the dark, to establish an adsorption/desorption equilibrium between the photocatalysts and the dye. The solution was sampled at 20 min intervals and centrifuged to remove any sediment, and then monitored using UV-vis spectroscopy.
Results and Discussion
Scanning Electron Microscopy (SEM)/Transmission Electron Microscopy (TEM).
The SEM images in Figures 1(a) and 1(b) show the size and distribution of the ZnO and Erdoped ZnO particles; the grain was smooth, the product showed no sintering reunion phenomena, and there was a narrow particle size distribution. The SEM investigations revealed that the crystallites were of nanometer size in all of the samples, but no significant change was observed in the particle size for the Er-doped particles. The average diameter was calculated as ∼45 nm; the nanometer size of the particles led to an increased surface area and a consequent increase in the number of photocatalytic reaction sites, properties that improved the photocatalytic activity. Figures 1(c) and 1(e) compare the TEM images for the ZnO and the Er-doped ZnO. The sizes were similar, which agreed well with the results from the diameter measurements. The selected area electron diffraction (SAED) patterns shown in Figures 1(d) and 1(f) for the ZnO and Er-doped ZnO revealed the polycrystalline nature of the materials, which could be well-indexed to diffractions from the (100), (002), and (101) planes of the hexagonal wurtzite structure. Furthermore, the difference in scattered spots between Figures 1(d) and 1(f) clearly showed the presence of secondary phase in addition to the wurtzite ZnO.
X-Ray Diffraction Patterns (XRD).
The XRD patterns for the Er-doped ZnO are shown in Figure 2 , for different doping concentrations of Er. The sharp and intense peaks indicated that the samples were highly crystalline, and that the ZnO nanoparticles had a polycrystalline structure. The peaks were ∘ and were indexed to the (100), (002), (101), (102), (110), (103), (200), (112), (201), and (202) planes of the ZnO crystal given by the standard data file (JCPDS file no. 36-1451). The XRD peaks for the (100), (002), and (101) planes indicated the formation of a pure-phase wurtzite ZnO structure. The XRD analysis further showed that the main diffraction peaks for the Er-doped ZnO composites were similar to those for the pure ZnO and corresponded to the hexagonal phase of ZnO; this was in good agreement with the SAED results. According to the recent report [15] , the shifted peaks in XRD studies revealed the occurrence of secondary phase in Er-dopped ZnO by solid-state reaction method with Er 3+ content >1%. In this case, the peaks corresponding to the secondary phase in Figure 2 were not obvious. This is probably because of the doped Er 3+ ions mainly substituted regular Zn 2+ lattice sites (the ionic radius of Er 3+ is smaller than the ionic radius of Zn 2+ ) by homogeneous precipitation method.
Ultraviolet and Visible Absorption Spectra (UV-vis)
. UVvis spectra were measured for ZnO and Er/ZnO in the wavelength region of 200-800 nm, and the results are shown in Figure 3 . The pure ZnO showed a maximum absorption peak at 363 nm, and the absorption was mainly concentrated in the ultraviolet region, with less visible light absorption. The absorption band near 363 nm was due to the transition of electrons from the valence band to the conduction band. UVvis spectra of Er/ZnO composite material showed a slightly redshifted peak at 375 nm. This indicated an ineffective impurity band that was introduced by Er dopping [16] . It can be speculated that the metal ions were in the internal ZnO lattice and that the interaction of the doping ions with the ZnO destroyed part of the original lattice, forming lattice defects and making the ZnO absorption edge mobile, similar to results reported in the literature [17] . The redshift in the absorption wavelength range and the increase in the absorption intensity showed that the rate of formation of electron-hole pairs on the catalyst surface increased greatly, resulting in the catalyst exhibiting a higher photocatalytic efficiency. The reason for the redshift in the absorption wavelength range for the Er-doped ZnO was likely the formation of defect energy levels between the valence and conduction bands in the ZnO band structure. This would have played an important role in improving the catalytic activity of the ZnO.
Photoluminescence Spectra.
Photocatalysts generate electrons and holes after being activated by light, and the recombination of some electrons and holes can release energy in the form of fluorescence emission. Figure 4 shows room-temperature PL spectra for ZnO and the Er-ZnO nanocomposites containing different Er contents. All of the spectra showed two emission bands located at 396 and 484 nm. While the sharper 396-nm emission band has typically been assigned to the near-band-edge emission in ZnO [18] , the band in the visible spectral range (showing a peak at 484 nm) has been attributed to the recombination of photogenerated holes with singly ionized charge states of the intrinsic defects such as oxygen vacancies, Zn interstitials, or impurities [19] [20] [21] [22] .
The characteristics of the PL spectra for the Er-doped ZnO nanocomposites were very similar to those of the spectra for the ZnO without Er. However, the intensity of the excitonic emission band increased compared with that for the ZnO without Er. This can be explained by the formation mechanism and structure of the Er-doped ZnO nanoparticles. Er 3+ would have been removed from the conduction band of ZnO by the accumulated electrons and deposited on ZnO surface, and Er 3+ requires three electrons for the reduction of each ion, and this would have resulted in more and more ZnO particles becoming attached together. This accumulation of ZnO particles in the presence of Er 3+ would have caused an increased local concentration of excitons during photoexcitation, thus resulting in an increased excitonic emission intensity compared with the undoped ZnO. The fluorescent light intensity was therefore enhanced with increasing Er contents. The heavily doped product showed an extremely high PL intensity in the present case, which might have been related to the interaction between ZnO and Er. The majority of Er in the ZnO was likely associated with rare earth elements occupying substitutional Zn sites [23] . However, we did not observe Er 3+ emission peaks. It is possible that weak Er
3+
ion emission peaks were embedded in the signal from a strong, deep-level emission. The doping of metals and/or transition metals increases the number of surface defects and the surface area and surface defects play an important role in the photocatalytic activity of metal oxides.
3.5. Photocatalytic Activity. As Figure 5 shows, when the pure-phase, nanometer-sized ZnO was placed in a photocatalytic MB solution for 1 h, the degradation rate was 69.28%; with Er doping contents of 2.1%, 4.8%, and 6.3%, the photocatalysis degradation rates were 86.3%, 97.7%, and 91.3%, respectively. However, the photocatalytic degradation rate of the composite photocatalyst with a doping concentration of 6.3% was lower than that of the photocatalyst with a doping concentration of 4.8%. Similar to metal doping, the use of rare earth ions provides electron traps that suppress electron-hole recombination. The holes are then able to migrate towards the surface of the catalyst and oxidize the adsorbed organic compounds [24, 25] . The Er-doping of the nanometer-sized ZnO catalyst resulted in increased fluorescence emission, and increases in the electron-hole pair concentration. The Er ions provided a favorable redox potential, which resulted in the photoproduction of electronic defects and the inhibition of electron-hole recombination. The surface favored the generation of positive holes, which were considered to be the active center of the reaction; hence, the excellent generation of holes led in turn to the effective removal of the MB dye. However, the photocatalytic experiments showed that the photocatalytic effects did not increase monotonically as the doping amount was increased; the effects began to decrease when the Er content was increased to 6.3%. This phenomenon was mainly due to the fact that when the rare earth ion concentration was increased to a certain level, the light penetrated into the ZnO past the space-charge layer, and the effective separation of the light-generated electronhole pairs was suppressed. Accordingly, there is an optimal concentration of dopant ions; at this concentration, the thickness of the space-charge layer and the depth of the light penetration were similar. Further, too high a quantity of rare earth ions on the surface of the ZnO also increased the recombination of electron-hole pairs, thereby reducing the photocatalytic activity.
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Conclusion
ZnO and Er-doped ZnO photocatalysts with different molar ratios of Er/Zn were prepared via the homogeneous precipitation method and consisted of wurtzite-type ZnO. The doping of Er into the ZnO expanded the range of absorption and enhanced the intensity of the fluorescence emission with increasing the surface area and surface defects, which played an important role in promoting the photocatalytic activity of the ZnO. The results of the experiments showed that doping Er into ZnO modified the optical properties of the ZnO and greatly improved the photocatalytic activity of the ZnO. This study of Er modified ZnO provides theoretical and methodological support for improving the photocatalytic activity of photocatalyst in the future.
